t has been known for some time that cell cycle progression is tightly coupled to an accumulation of cell mass (i.e., cell growth) (1). However, the molecules that control cell growth and the mechanisms through which growth and proliferation are coupled are only beginning to be defined (2). One group of genes whose function may be important for both growth and proliferation is the members of the myc protooncogene family, c-, N-, and L-myc.
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The proteins encoded by myc family genes are members of the basic-helix-loop-helix-zipper (bHLHZ) class of transcription factors. Dimerization of Myc protein with its obligate partner Max results in formation of a heterodimer with sequence-specific DNA-binding activity (3, 4) . Myc-Max heterodimers appear to activate transcription when bound to promoter-proximal sites on DNA (5, 6) . In addition, Myc is known to repress transcription of specific genes (7) . Although max expression is constitutive, myc expression is highly regulated at transcriptional, posttranscriptional, translational, and posttranslational levels (8) (9) (10) (11) . In general, c-Myc expression is associated with proliferation and is down-regulated in quiescent and differentiated cells. After serum or mitogen stimulation of quiescent cells, myc levels peak within several hours, followed by a decline to a low basal level maintained by synthesis and degradation (12) (13) (14) (15) and dependent on the continued presence of growth factors (16) . Ectopic expression of c-myc in normally quiescent cells can potentiate entry into S phase, and cells that constitutively express myc have reduced growth factor requirements, shortened doubling times, and in some cases have circumvented cell cycle exit (17) (18) (19) (20) . Conversely, failure to induce c-myc in response to mitogenic signaling abrogates cell cycle progression (21) whereas a fibroblast cell line bearing targeted homozygous c-myc deletions has significantly decreased proliferation rates and lengthened G 1 and G 2 phases (22) . These observations together have led to the notion that Myc-Max functions to modulate expression of genes promoting cell cycle progression (for reviews, see refs. [23] [24] [25] .
Deregulated expression of myc family genes, through gene amplification, viral promoter insertion, chromosomal translocation, or promoter mutation, has long been associated with neoplastic disease in a wide range of vertebrates including humans (for reviews, see refs. [26] [27] [28] [29] . Among the most striking examples of the importance of myc in cancer development are the chromosomal translocations involving c-myc and Ig heavy-or light-chain loci that are characteristic of Burkitt's lymphoma in humans and plasmacytomas in mice and rats. A powerful model system for B cell lymphoma (E-myc mice) entails expression of c-myc in murine lymphoid cells as a transgene under control of the Ig heavy-chain enhancer (30) (for review see ref. 31 ). E-myc mice develop clonal B cell lymphomas with a mean latency of 12-16 wk of age. Before transformation, B cell progenitors appear relatively normal in these mice. However, an expanded pre-B cell compartment exhibiting increased apoptosis is observed and was suggested to serve as a pool of cells from which secondary cooperating mutations would generate frank lymphomas (32) . Indeed, subsequent experiments demonstrated that lymphomagenesis involving myc can be accelerated by activation of a number of cooperating oncogenes including v-abl, bmi1, N-ras, cyclin D1, and pim1 (33) (34) (35) (36) (37) (38) .
Despite the apparent importance of Myc in proliferation and tumor evolution, we lack a clear understanding of Myc's primary function in normal and transformed cells. Although it is tempting to conclude that Myc simply modulates expression of target genes involved in cell cycle progression, few such targets have been identified or validated (see refs. 24 and 25 for reviews). In addition, myc has been found to be expressed in nondividing cell types (39) (40) (41) , and myc knockout mice display extensive cell division before death (42, 43) . Furthermore, rat1 cells in which c-myc has been somatically deleted and which do not express other myc family genes are nonetheless capable of proliferation, although at a reduced rate (22) . Thus, it is conceivable that Myc may regulate aspects of cell physiology distinct from cell cycle progression. In fact, a recent study using hypomorphic mutations as well as overexpression of Drosophila myc (dmyc) has concluded that whereas dmyc has little effect on cell division, it has a profound influence on cell growth (44) . To determine whether Myc could also influence growth in mammalian cells, we used the E-myc mouse model system to examine the effects of ectopic myc expression on cell size and protein synthesis.
Materials and Methods
Mice. C57BL͞6 E-myc transgenic mice were obtained from The Jackson Laboratory (30) and were maintained under pathogenfree conditions. Transgenic mice were maintained on C57BL͞6 background and were genotyped by PCR according to instructions from the supplier. Mice were analyzed at 4-5 wk of age, before onset of pathology associated with B cell transformation. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Flow Cytometry. Cells were isolated from bone marrow, spleen, and thymus as previously described (45) and resuspended in Hanks' Balanced Salt Solution (GIBCO͞BRL) plus 3% fetal calf serum (HyClone). Erythrocytes were depleted by ammonium chloride lysis (46) . Staining for surface markers by using flow cytometry was performed as previously described (45) , and 10,000 gated events were collected utilizing a FACsCaliber machine (Becton Dickinson). Data were then analyzed by using CELLQUEST software (Becton Dickinson) and REPROMAC software, version 2.07 (Truefacts Software, Seattle, WA). For DNA content analysis, 2 ϫ 10 6 cells were washed twice in 10 ml of sample buffer (0.1% glucose in PBS). Cell pellets were resuspended in ice-cold 70% ethanol while slowly vortexing, fixed overnight or longer, and then resuspended in 1 ml of propidium iodide (PI) staining solution [50 g͞ml propidium iodide͞100 units͞ml RNase A (Sigma), in sample buffer], and incubated at room temperature in the dark for 2 hr. Fifty-thousand gated events were collected on a FACsCaliber machine and analyzed by using CELLQUEST software. For cell sorting, cells were stained with PI (as described above), and 50,000 G 2 -phase cells were sorted by using a FACs Vantage machine (Becton Dickinson) and analyzed by using CELLQUEST software.
Cell Volume. Cell volume measurements were performed by using a Coulter Model Z2 (Coulter) (47) . Cells were diluted in Isoton II (Beckman Coulter) at 100,000 cells͞ml in 10 ml. A 1-ml sample was analyzed according to manufacturer's instructions. Fiftythousand sorted cells were resuspended in 6 ml of Isoton II, and 1 ml was analyzed. ) were incubated for 30 min in methionine-free medium DMEM (GIBCO͞BRL) supplemented with 10% fetal calf serum. [ 35 S]methionine (16 Ci) was added to the cells and the incubation continued for 30 min. Cells were lysed in 50 l of RIPA buffer (48) and frozen at Ϫ70°C. One microliter of thawed lysate was spotted onto a Hybond glass filter for liquid scintillation counting. For immunoblots, 2 ϫ 10 7 cells were lysed in 30 l of sample buffer (1% SDS͞5% glycerol͞25 mM Tris, pH6.5͞0.005% Bromphenol blue) and 30 l of PBS, boiled for 5 min, and sonicated for 30 sec. Cell equivalents (4 ϫ 10 6 ) were separated on 10% SDS͞ PAGE, transferred to nitrocellulose by semidry transfer, and blocked overnight in 5% skim milk. Blots were probed with anti-c-Myc (9E10), or anti-Max (49), as previously described. For protein quantitation, 1 ϫ 10 6 purified cells were lysed in TNT and protein concentration determined by the Bradford method (45) .
Results

Expression of an E-myc Transgene in B Lymphocyte Progenitors
Results in Impaired B Lymphocyte Development. To examine the effects of c-Myc on development and cell growth of primary cells, we utilized transgenic mice that express c-myc under control of the Ig heavy-chain enhancer transcriptional element (E-myc). Previous analyses of lymphoid cells derived from E-myc mice showed that E-myc-expressing B cells in young mice are relatively normal in terms of marker expression, growth factor requirement, and immune response (32; 50-52). We first examined B cells from E-myc mice for c-Myc and Max protein by immunoblotting with antibodies against c-Myc and Max (49, 53) . As expected, E-myc mice, when compared with wild-type littermates, exhibited increased levels of c-Myc, but not Max, in B cells derived from bone marrow as well as in mature B cells from peripheral lymphoid tissue such as the spleen. Thymocytes from E-myc mice did not express high levels of c-Myc (Fig. 1A  and ref. 32) .
To characterize the effects of c-myc overexpression on B cell development in more detail, we utilized the model of Hardy et al. (54) , in which B cells are staged developmentally according to size and surface markers (Fig. 1B) . The earliest B cells that can be identified in bone marrow or fetal liver (Hardy fraction A) are characterized by expression of B220 (CD45R) in the absence of detectable surface or cytoplasmic IgM. In response to cytokines such as IL-7 and kit-ligand, these cells subsequently mature to the progenitor B cell stage (large pro-B; Hardy Fractions B and C), where they initiate V(D)J rearrangements of their Ig heavy- As shown in Fig. 1C (Top Left) , expression of E-c-myc transgene results in an increase in the representation of total bone marrow cells that fall within a forward and side light-scatter lymphocyte gate. Analysis of total bone marrow cells that fall within the lymphocyte gate reveals an increase in representation of developing B220 ϩ IgM Ϫ progenitor B (pro-B) and precursor B (pre-B) cells, at the expense of more mature IgM ϩ cells in the bone marrow (Fig. 1C Bottom Left and ref. 30 ). In addition, the representation of splenocytes from E-c-myc mice that fall within the light-scatter lymphocyte gate is slightly decreased relative to littermate control mice (Fig. 1C Top Right) . 
c-myc Transgene Expression Results in Increased Growth of Primary B
Lymphocytes at All Stages of B Cell Development. We observed that overexpression of c-myc in E-myc transgenic mice results in an increase in cell size (higher forward light scatter) in cells derived from both bone marrow and spleen (Fig. 1C Top) , as has been previously shown (32, 51) . However, in earlier studies, it was not determined whether the increase in cell size simply reflected a greater representation of larger less mature B cell progenitors (large pro-B and large pre-B cells; Hardy Fraction A-CЈ), or a greater representation of cells that had entered the S and G 2 phases of the cell cycle. To examine these possibilities, we analyzed the size of B cell progenitors isolated from young prepubescent (Ͻ5 wk of age) E-myc mice at various stages of B cell development utilizing fluorochrome-labeled antibodies and flow cytometry. As shown in Fig. 2A , bone marrow-derived B220 lo IgM (Fig. 2B) . Hence, the increase in cell size resulting from c-myc expression is not caused by an overrepresentation of larger less mature progenitors. Rather, overexpression of c-Myc protein results in an increase in size of B lymphocytes regardless of their developmental stage. Importantly, these results also demonstrate that the increase in cell growth observed in E-myc transgenic mice is not caused by isolation of a transformed population of B cells, because B cells of all developmental stages are uniformly enlarged, and the cells were isolated from young mice before pathology onset. Furthermore, the increase in cell size is not caused by a secondary effect of c-Myc on B cell activation, because pro-B and pre-B cells (which lack antigen receptor expression) are uniformly enlarged.
To examine whether the increase in FSC observed in E-myc mice actually corresponds to an increase in cell volume, we purified B lymphocytes from young E-myc transgenic mice and analyzed cell volume via the Coulter principle (47) . As shown in Fig. 2C , mature B lymphocytes from 4-to 5-wk-old E-myc mice are significantly larger (1.6-fold average increase in volume) than B lymphocytes from littermate control mice, consistent with the changes observed in FSC as measured by flow cytometry.
Increased Growth of B Lymphocytes Induced by c-Myc Occurs Inde-
pendently of Cell Cycle Alterations. To determine whether the increase in cell size induced by the c-myc transgene is caused by an increase in representation of larger S-and͞or G 2 -phase cells, we measured cell size of gated populations of purified splenic B cells that lie within different phases of the cell cycle. As shown in Fig. 3A , expression of the c-myc transgene results in an increase in cells that have entered the S and G 2 phases of the cell cycle, as has been previously shown (32) . However, this increase in cycling cells does not account for the uniform increase in cell size observed in E-myc mice, because gated cells that fall within the G 0 ͞G 1 or G 2 phases of the cell cycle are uniformly enlarged relative to littermate control B cells (Fig. 3B) . To further confirm the validity of our forward light-scatter results, we sorted the largest cells (G 2 phase) from both E-myc and littermate control mice and measured cell volume by using a Coulter counter. As expected, the Coulter results mirrored the increase in cell size observed by forward light-scatter analysis (Fig. 3C) . For the S-phase populations, the relative shift in cell size is small; however, it has been consistently observed. Hence, overexpression of c-Myc protein results in an increase in cell growth, regardless of the stage of the cell cycle.
Increased Cell Growth of B Lymphocytes Induced by c-Myc Correlates
with an Increase in Protein Synthesis. To determine whether the increase in cell growth induced by overexpression of c-myc correlates with an increase in protein synthesis, we measured steady-state protein content and protein biosynthetic rates from purified B lymphocytes from either E-myc or littermate control mice. B cells from E-myc mice contained 2-fold greater levels of total protein when compared with littermate control mice (Fig. 4A) . This increase in total protein correlates with a 2-fold increase in protein biosynthesis, as determined by incorporation of [ 35 S]methionine (Fig. 4B) . Taken together, these results show a correlation between Myc overexpression, cell size, and increased protein synthesis and accumulation.
Discussion
Cell proliferation is a coordinated process whereby cells duplicate their contents and increase their mass and size (cell growth) before initiating cell division. Although growth and division generally appear coupled, proliferation mutants identified in yeast suggest that these events are indeed separable. For example, one class of yeast mutants blocks cell cycle progression while allowing cell growth to continue, whereas a second class abrogates both cell growth and cell cycle progression (56, 57) . The first class of mutants is known to affect cell cycle proteins, whereas the second affects general biosynthesis. These genetic studies in yeast suggest that cell growth is dominant to, and limiting for, cell cycle progression (58) . Although there is increasing evidence that in metazoan cells growth and proliferation are also coupled and͞or coordinated, the key molecules involved in regulating growth are only beginning to be identified (see ref. 2 for review) .
Utilizing a murine model of Burkitt's lymphoma (30), we show that expression of the c-myc protooncogene, driven by the Ig heavy-chain enhancer (E) in otherwise normal B lymphocyte progenitors results in a significant increase in cell growth and protein synthesis. These changes correlate with impaired B cell development, an increase in cell cycle entry, and predisposition to B cell lymphoma. However, it is unlikely that the observed growth enhancement is secondary to the increased proliferation or developmental alterations because the cells were larger in all phases of the cell cycle and at all stages of B cell development (including stages lacking antigen receptors). In addition B cells exhibiting increased size are not transformed and were detected before onset of lymphomas, suggesting that these cells are not highly abnormal (our data, ref. 32; refs. 50-52) . Importantly, the fact that we could detect a substantial cell size increase suggests that c-myc overexpression uncouples growth from proliferation, otherwise the effect on cell size would have been offset by increased division. Therefore, Myc's predominant effect appears to be on cell growth. Our findings extend previous work showing that B cells from E-myc mice are larger, but which did not examine size as a function of development or cell cycle (32, 51) We postulate that deregulated c-myc in B lymphocytes predisposes to transformation at least in part by enhancing cell growth. Because in c-myc-deregulated cells growth may no longer be limiting for cell division, there may exist strong selective pressure for secondary activating mutations in genes involved in cell cycle progression. Thus ability of deregulated c-myc to drive cell growth may underlie the requirement for c-Myc to collaborate in cell transformation with oncogenes such as ras or pim-1. Consistent with this notion, activating mutants of Ras and Raf oncoproteins, which collaborate with c-Myc to transform primary B lymphocytes, do not stimulate cell growth at levels sufficient to drive development of T or B lymphocytes on recombinase-activating gene-deficient backgrounds (59, 60) . These results also demonstrate that the ability of deregulated c-myc to potently drive cell growth is not a property common to all oncoproteins.
Although our data show that deregulated expression of c-myc stimulates cell growth in otherwise normal B lymphocytes, we cannot conclude from this work that the normal function of endogenous c-Myc is to regulate growth. Nonetheless, several lines of evidence suggest that this is the case. Firstly, in Drosophila, decreased expression of dMyc (the ortholog of vertebrate Myc) in dmyc mutant wing imaginal disc cells retards cell proliferation and reduces cell size, whereas dmyc overexpression results in increased cell growth rate and cell size without affecting cell division (44) . Secondly, c-myc null fibroblasts (which also lack expression of L-and N-myc) exhibit significantly decreased accumulation of protein and RNA as well as reduced proliferation, which probably accounts for the fact that no change in cell size was detected (22) . Thirdly, overexpression of a mad1 transgene (whose protein product competes with Myc͞ Max heterodimers for E-box binding) selectively in lymphocytes results in impaired lymphocyte development, proliferation, and slightly reduced cell size (B.M.I., unpublished data).
In mammalian cells, the control of cell growth is largely determined by the availability of growth factors produced by other cells. These factors generally activate intracellular signaling pathways that in part stimulate the protein synthesis machinery so that the rate of macromolecular production exceeds the rate of degradation. c-myc is normally up-regulated in lymphocytes after crosslinking of T or B cell antigen receptors by MHC-peptide complexes or free antigen, respectively. With appropriate costimulation, these responses generally result in increased cell growth and proliferation (for review, see ref. 61) . It is tempting to speculate that the sensitivity of a particular cell type to transformation by Myc may be determined in part by the intrinsic capability of a cell to synthesize macromolecules. B lymphocytes have engaged their protein synthesis machinery in preparation for rapid clonal proliferation and antibody synthesis in response to infection by extracellular pathogens. Hence, constitutive activation of Myc may readily push a metabolically ''poised'' B lymphocyte into growth factor or mitogenindependent cell overgrowth and proliferation, perhaps accounting for the high sensitivity of B cells to myc transformation (27) .
How does c-Myc stimulate cell growth? As mentioned above, Myc functions with its dimerization partner Max as a transcription factor, and about 30 putative target genes have been identified to date (for recent review, see ref. 25) . Although a number of these candidate gene targets have been linked to cell cycle control, immortalization, adhesion, metastasis, and stress response, the majority of potential targets can be construed as being involved in cell growth and metabolism. Several of these latter genes, such as CAD, ODC, DHFR, and TK, are closely linked to DNA metabolism, whereas others are involved in glycolysis (LDH-A), iron metabolism (H-ferritin and IRP-2) (62), and protein synthesis (eIF4E, eIF2␣) (see ref. 25 and references therein). The preponderance of vertebrate Myc target genes related to growth and metabolism has been previously noted and has led to the suggestion that at least part of Myc's function may be directed toward cell growth (24, 25, 63) . It is also likely that other, yet to be identified, target genes mediate growth. Utilizing DNA array technology to compare global RNA expression patterns in B cells from E-c-myc and control mice should make it possible to identify growth-specific target genes. Identification of such targets may permit the design of metabolic inhibitors that could specifically subvert the growth stimulating effects of c-Myc in tumor cells.
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